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We have studied the effect of the dot separation on the switching behavior of Ni-Fe elliptical dot arrays with major axial distances
between the adjacent dots. The magnetization process and the magnetic configuration in the dot arrays apparently differ according to
the distance between the adjacent dots. These differences are due to the fact that the dipole-dipole interaction becomes stronger while
decreasing the major axial distance between the adjacent dots. From these results, it is evident that the optimal distance at which the
magnetization between the adjacent dots couples by the dipole-dipole interaction is below 30 nm.
Index Terms—Dipole-dipole interaction, magnetic configuration, magnetic logic gate, magnetization process.
I. INTRODUCTION
SPINTRONICS devices such as nonvolatile magneticrandom access memory (MRAM) [1], magnetic storage
media [2], and magnetic logic device [3]–[8] have created
great interest in the studies on the magnetization process and
the magnetic configuration of magnetic dots and magnetic
nanowires. In particular, magnetic logic devices composed
of magnetic dots or magnetic nanowires have been much of
interest because they are one of candidates as a promising
operation system in future computers [3]–[8]. Hence, we have
newly proposed the magnetic logic gate (MLG) having the
fundamental unit formed by four elliptical magnetic dots, and
have successfully demonstrated that NAND and NOR opera-
tions can be performed in the MLG using the micromagnetics
simulation [5], [6]. Recently, Imre et al. have also observed
NAND and NOR operations in the similar MLG using mag-
netic force microscopy (MFM) [8]. In these MLGs, the distance
between the adjacent dots is one of the key parameters because
the dipole-dipole interaction between the adjacent dots plays
the important role in the logic operations. However, from the
experimental point of view, the optimal distance still remains
unclear.
In the present study, we investigated the effect of the dot sep-
aration on the switching behavior of Ni-Fe elliptical dot arrays
with several major axial distances between the adjacent dots,
and optimized the distance at which the magnetization between
the adjacent dots coupled by the dipole-dipole interaction.
II. EXPERIMENTAL PROCEDURE
Ni-20at.%Fe(Ni-Fe) elliptical dot arrays were fabricated by
e-beam lithography, e-beam evaporator, and a lift-off technique
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onto thermally oxidized Si (100) substrates. During the film
evaporation, a magnetic field of around 40 kA/m was applied to
the longitudinal direction of dots, which caused unidirectional
anisotropy in the dots. The thickness was fixed at 10 nm, the
aspect ratio between the length of the major axis and that
of the minor axis was 2 to 1, and was varied from 200 to
1600 nm. The major axial distance between adjacent dots
was varied from 30 to 250 nm, while the minor axial distance
was fixed 1000 nm. The appearance of the dot arrays were
estimated by scanning electron microcopy (the images were not
shown).
The magnetization process of dot arrays was investigated by
magneto-optical Kerr effect (MOKE) magnetometry, while the
magnetic configuration of dot arrays was observed using MFM.
Additionally, the effect on the dipole-dipole interaction between
the adjacent dots was measured by our proposed measurement
method, namely, ‘magnetic field sweeping (MFS)-MFM’ [9],
[10]. The detail of MFS-MFM was described in [9], [10].
III. RESULTS AND DISCUSSION
Fig. 1 shows MOKE loops of the 10-nm-thick Ni-Fe elliptical
dot arrays ( and 1000 nm) with various major axial dis-
tances between adjacent dots. In each dot size, when the
magnetic field is applied in the lateral direction of the dot, the
shape of MOKE loop becomes square and the coercivity
is enhanced with decreasing the distance [Fig. 1(a) and (c)]. On
the other hand, when the magnetic field is applied in the lateral
direction of the dot, the magnetization becomes difficult to sat-
urate and the anisotropy field is enhanced with decreasing
the distance [Fig. 1(b) and (d)]. These results are confirmed in
10-nm-thick Ni-Fe elliptical dots with different dot sizes. The
coercivity when the magnetic field is applied in the longi-
tudinal direction of the dot and the anisotropy field when
the magnetic field is applied in the longitudinal direction of the
dot are summarized in Fig. 2 as a function of the distance
between the adjacent dots. In each dot size, its coercivity and its
anisotropy field increase as the distance becomes short below
0018-9464/$25.00 © 2008 IEEE
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Fig. 1. MOKE loop of 10-nm-thick Ni-Fe elliptical dot arrays [(a),(b)    
 nm and (c),(d)      nm] with various major axial distances 
between the adjacent dots. (a) and (c) shows the results when magnetic field
is applied in the longitudinal direction of the dot. (b) and (d) shows the results
when the magnetic field is applied in the lateral direction of the dot.
30 nm. The increase of coercivity for more closely distance be-
tween the adjacent dots was also reported in [11]. The reason for
this might be that the magnetization between the adjacent dots
couples by the dipole-dipole interaction at the distance below
30 nm.
In order to clarify the magnetic configuration of the 10-nm-
thick Ni-Fe elliptical dot arrays in detail, we observed MFM
images of these dot arrays at various magnetic fields [Fig. 3].
In the dot size of nm [Fig. 3(a)], at the distance of
20 nm, white (bright) and black (dark) contrasts appear at each
dot edge, and simultaneously reverse at the magnetic field of
around kA/m. This means that the magnetic configuration
of each dot changes from a single domain (SD) state to an op-
posite SD state with a coherent rotation due to the dipole-dipole
interaction between the adjacent dots. In contrast, at the distance
of 160 nm, white (bright) and black (dark) contrasts appear at
each dot edge, reverse in either upper or lower part of several
dots, and further reverse completely at the magnetic field of
around kA/m. This reveals that the magnetic configura-
tion in each dot changes from a SD state to an opposite SD state
via a closure domain state as the magnetic field is varied, and
that the magnetization of each dot randomly rotates.
Fig. 2. (a) Coercivity   and (b) anisotropy field   of the 10-nm-thick
Ni-Fe elliptical dot arrays as a function of the major axial distance  between
the adjacent dots.     , and  :     , and  nm,
respectively. is estimated by the MOKE loop of the dot array when the mag-
netic field is applied in the longitudinal direction of the dot.  is estimated by
the MOKE loop of the dot array when the magnetic field is applied in the lateral
direction of the dot.
In the dot size of nm [Fig. 3(c)], at the distance
of 25 nm, white (bright) and black (dark) contrasts appear at
each dot edge as the magnetic field is varied between and
kA/m. These contrasts appear not only at the dot edge
but also in both upper and lower part of each dot as the mag-
netic field is varied to kA/m, and reverse completely at
the magnetic field of kA/m. This means that the magnetic
configuration of each dot changes from a single domain (SD)
state to an opposite SD state via a multi-domain (MD) state as
the magnetic field is varied, and that the magnetization quickly
rotates in the narrow magnetic field range. In contrast, at the
distance of 140 nm, white (bright) and black (dark) contrasts
appear at each dot edge. These contrasts appear not only at the
dot edge but also in both upper and lower part of some dots and
reverse at the dot edges of others dots as the magnetic field is
varied between and kA/m. Furthermore, these contrasts
reverse completely at the magnetic field of kA/m. This re-
veals that the magnetic configuration in each dot changes from
a SD state to a MD state and further an opposite SD state as the
magnetic field is varied, and that the magnetization of each dot
randomly rotates in the wide magnetic field range.
Furthermore, in order to verify the effect on the dipole-dipole
interaction between the adjacent dots in the 10-nm-thick Ni-Fe
elliptical dot arrays with different distance, we investigated the
details of the magnetization process in these dots using MFS-
MFM, which can directly observe the precise magnetic state in
an interest point within a single dot or a single nanowire at room
temperature [9], [10]. Fig. 4 shows the curves of phase vs. mag-
netic field at different points in a 10-nm-thick Ni-Fe ellip-
tical dot with the major axial distance between the adja-
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Fig. 3. MFM images at various magnetic fields of 10-nm-thick Ni-Fe elliptical
dot arrays with several dot sizes and major axial distances between the adjacent
dots ((a)      nm,     nm, (b)      nm,     nm, (c)
     nm,     nm, and (d)      nm,     nm). The
magnetic field is applied in the longitudinal direction of the dot. , ,
, and : a single domain state, an opposite single domain state, a
closure domain state, and a multi-domain state, respectively. When two symbols
appear, both states are seen in the array.
cent dots of 20, 25, 140 and 160 nm measured by MFS-MFM.
Figs. 4(a-1), (b-1), (c-1) and (d-1) show AFM image of a single
Ni-Fe circular dot, and the position of each measurement is de-
noted in Figs. 4(a-1), (b-1), (c-1) and (d-1). Points 1 and 2 in-
dicate the measured points, within the dot. In the dot sizes of
and 1000 nm [Figs. 4(a)–(d)], for the dot with the
major axial distance between the adjacent dots of 20 and 25 nm,
points 1 and 2 [Figs. 4(a-2), (a-3), (c-2) and (c-3)] each display
Fig. 4. AFM images of 10-nm-thick Ni-Fe elliptical dots with various dot sizes
 	 and major axial distances 	 between the adjacent dots of (a-1)     
nm,     nm, (b-1)      nm,     nm, (c-1)      nm,
    nm, and (d-1)      nm,     nm. Points 1 and 2 indicate
measured points within the dot. Curves of phase vs. magnetic field 	 for
various points in the 10-nm-thick Ni-Fe elliptical dots with the dot sizes (a) and
distances (D) of (a-2),(a-3)      nm,     nm, (b-2), (b-3)     
nm,     nm, (c-2),(c-3)      nm,     nm, and (d-2), (d-3)
     nm,     nm measured by MFS-MFM. The magnetic field is
applied in the longitudinal direction of the dot.
a square or a nearly square hysteresis loops of the phase. These
results mean that the magnetic configuration of the dot changes
from a single domain (SD) state to an opposite SD state as the
magnetic field is varied, and that the magnetization coherently
rotates. On the other hand, for the dot with the distance between
the adjacent dots of 140 and 160 nm, points 1 and 2 [Figs. 4(b-2),
(b-3), (d-2) and (d-2)] each display a stepped hysteresis loop
of the phase. These results reveal that the magnetic configura-
tion of the dot changes from a SD state to a closure domain or
multi-domain (MD) state, and further to an opposite SD state
as the magnetic field is varied, and that the magnetization ran-
domly rotates. Thus, the magnetization process apparently dif-
fers according to the distance between the adjacent dots. These
results are confirmed in the dot arrays with different dot sizes.
This difference is due to the fact that the dipole-dipole inter-
action becomes stronger while decreasing the major axial dis-
tance between the adjacent dots. Therefore, it is evident that the
dipole-dipole interaction strongly influences the magnetization
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process in a 10-nm-thick Ni-Fe elliptical dot array as the major
axial distance between the adjacent dots decreases.
IV. CONCLUSION
The effect of the dot separation on the switching behavior of
Ni-Fe elliptical dot arrays with several distances between the ad-
jacent dots have been studied using MOKE, MFM, and MFS-
MFM. The magnetization process and the magnetic configura-
tion in the dot array are significantly affected by the dipole-
dipole interaction with decreasing the major axial distance be-
tween the adjacent dots. These results reveal that the increased
dipole-dipole interaction allows the efficient transfer of infor-
mation in a logic device. On the basis of these results, it is con-
cluded that the optimal distance at which the magnetization be-
tween the adjacent dots couples by the dipole-dipole interaction
is below 30 nm.
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